Establishing an accurate load model is a critical problem in power system modeling. That has significant meaning in power system digital simulation and dynamic security analysis. The synthesis load model (SLM) considers the impact of power distribution network and compensation capacitor, while randomness of power load is more precisely described by traction power system load model (TPSLM). On the basis of these two load models, a load modeling method that combines synthesis load with traction power load is proposed in this paper. This method uses analytic hierarchy process (AHP) to interact with two load models. Weight coefficients of two models can be calculated after formulating criteria and judgment matrixes and then establishing a synthesis model by weight coefficients. The effectiveness of the proposed method was examined through simulation. The results show that accurate load modeling based on AHP can effectively improve the accuracy of load model and prove the validity of this method.
Introduction
The main models of power system include generator, power line, and load models. Compared with generator models and power line models, load models have lower accuracy. With the scale of power grid expanding and center of power load increasing, load model will have more and more significant meaning in power system digital simulation and dynamic security analysis [1] [2] [3] [4] [5] .
In the development of power system, lots of load modeling methods have been proposed, mainly including component-based modeling approach [6, 7] , measurementbased modeling approach [8, 9] , and fault-based modeling approach [10] . Measurement-based modeling approach considers the power load as a whole. Parameters of load model can be identified by voltage, frequency, current, and phase angle data of acquiring bus of field devices and experiment. It is a simple and practical way to solve load modeling problems. Load characteristic data are important factor affecting load model results [11] .
Power distribution network impedance and reactive power compensation are not considered in traditional composite load models. To overcome this problem, the synthesis load model (SLM) that considers the impact of power distribution network and compensation capacitor is built in [12] [13] [14] . The SLM overcomes the deficiencies of traditional composite load model. It can easily simulate motor load, static load, distribution network, and compensation capacitor in power system. However, the randomness characteristics of load power cannot be described precisely.
With the rapid development of electrified railway, proportion of electrified railway traction load in power load is increasing every year. Electric locomotive, the main composition of traction power system, is a high-power rectifier load. It has significant impact on power system security and stability [15] . Electric traction load has an uncertain interference degree to power system at different times [16, 17] . Dynamic equations and simulation models of traction motor circuit are deduced in [18, 19] . The SLM considers the impact of power distribution network impedance and compensation capacitor, while randomness of power load is well described by traction power system load model (TPSLM).
Single load model cannot describe power load accurately and effectively. The accurate load modeling based on analytic hierarchy process (AHP) is proposed in this paper. To analyze qualitative problems quantitatively, internal connections and differences of these two models are used as criteria of AHP. Weight coefficients of these two models can be calculated, after different criteria hierarchies are formed by analyzing internal connections and differences. Distribution network and traction power system synthesis load model will establish after synthesizing these two load models by weight coefficients.
Distribution Network and Traction Power
System Synthesis Load Model
The SLM.
The SLM is proposed in [12, 13] , which include equivalent static load, equivalent motor load, distribution network, and compensation capacitor. The SLM structure is shown in Figure 1 . Ignoring the influence of frequency variation, threeorder electromechanical transient model is used to describe equivalent motor model: is the mutual inductance reactance; 0 = ( + )/ is the rotor circuit time constant; the parameter 0 is used to define the initial active power proportion of the equivalent motor in the composite load model; im , im are the active power and reactive power of equivalent induction motor model. The power function model is used to describe static load in Figure 1 :
where , , and are the active power, reactive power, and load bus voltage magnitude of actual equivalent static load; 
in which is reactive power from the grid; represents frequency of power system; is compensation reactance; 0 is compensation capacitor. To sum up, power balances of SLM in bus bars are
in which 1 , 1 are the active power and reactive power of SLM; , are the active power and reactive power of distribution network; , are the active power and reactive power of static load; im , im are the active power and reactive power of equivalent induction motor model, respectively; is the reactive power of compensation capacitor. phase alternating current, in which the traction motor is supplied by the locomotive rectifier, which belongs to the single phase load. The induction motor in the auxiliary unit of the locomotive is powered by the splitter, which is a threephase load. Carriage load includes air conditioning, electric water heater, and a little proportion of light load [20, 21] .
According to the research on the structure and load characteristics of traction power supply system, the load model of traction power supply system with "induction motor parallel traction motor and constant impedance" is proposed in [20] . The TPSLM structure is shown in Figure 2 .
In Figure 2 , static load model uses the power function model; induction motor load model uses the three-order electromechanical transient model.
Expressions of traction motor load model are as follows:
where are the current and rotating speed of equivalent traction motor; , are the inductance and resistance of traction motor loop; , are the rotary inertia and excitation coefficient of traction motor; tm is traction substation voltage; considering = , and are the voltage coefficient and torque coefficient of traction motor; the mechanical load torque has influence on the mechanical properties of traction motor. The operating mode switch of electric locomotive is frequent. According to [20] , = 0 ( 2 + + ); considering + + = 1; 0 is the traction motor load rate.
To sum up, power balances of TPSLM in bus bars are
where 2 , 2 are the active power and reactive power of the traction power system load model; , are the active power and reactive power of static load; im , im are the active power and reactive power of equivalent induction motor model; tm is the active power of traction motor model.
Distribution Network and Traction Power System Synthesis
Load Model Structure. The SLM considers the impact of power distribution network and compensation capacitor, while randomness of power load is more precisely considered by TPSLM. The distribution network and traction power system synthesis load model (DTSLM) interacts with SLM and TPSLM; its structure is shown in Figure 3 . The SLM uses system capacity as a reference value which is three-phase bus-bar voltage, while TPSLM is more complex.
Traction substation is supplied by power grid and the voltage is 110 kV typically. Contact net, which is supply by traction power system, connects traction substation. The voltage of contact net is mainly 25 kV. Voltage bases of TPSLM and SLM are not consistent. Voltage reference of SLM is bus-bar side, while the equivalent traction motor model and induction motor model are based on traction side. Equivalent "system transformation" is essential:
where vt is the transform coefficient between traction motor voltage and bus voltage, vi is the transform coefficient between induction motor voltage and bus voltage; tm , im are traction motor voltage and induction motor voltage under voltage base of the traction power system load model; is root mean square of system voltage.
To sum up, power balances of DTSLM in bus-bar are
in which , are the active power and reactive power of DTSLM; 1 , 1 are the active power and reactive power of SLM; 2 , 2 are the active power and reactive power of TPSLM, respectively.
The AHP
The AHP is a scientific decision-making method in system engineering, which has been proposed by Satty in the 1970s [22] . It is an effective method to solve multiobjective and multilevel decision-making problems; weight coefficients can be calculated by digitizing some factors. However, the AHP is difficult to quantitative analysis completely [23] .
Power plant site selection and integrated resource planning evaluation are considered by a lot of influence factors, such as social, technical, and operation in [24] [25] [26] [27] . In [17, 28] , a method based on AHP is proposed to improve power quality evaluation system and analyze high-speed rail major impacts on power supply grid. Compared with traditional It has solved problems of quantitative information and lack of flexibility. The "1-9 scale method," as shown in Table 1 , is combined with expert judgment to form a judgment matrix. Quantify results are obtained by simple mathematical calculation. It is scientific way to optimize complex mathematical models and circumvent heavy computation demands of traditional decisionmaking methods.
The main procedure of AHP can be divided into four steps:
(1) Structure the decision hierarchy from top with the objective hierarchy to bottom with the scheme hierarchy. Objective hierarchy divides decision-making factors into several categories to be the criteria hierarchy.
Issues of affiliation form a top-down relationship. (2) Form judgment matrix using the "1-9 scale method."
The core of the AHP is forming judgment matrix using integers and reciprocal between 1 and 9. Weight coefficients of each hierarchy can be calculated by judgment matrix. 
Accurate Load Modeling Based on AHP

Established AHP Structure.
The main idea of the AHP is to establish a hierarchical model based on the decisionmaking problem, which is divided into three levels, namely, the objective hierarchy, the criterion hierarchy, and the scheme hierarchy. The establishment of the hierarchical structure of the graph is shown in Figure 4 .
Judgment Matrix of Criteria Hierarchy
(1) Objective Hierarchy. Including one goal, the expected results for the problem or the ideal goal, the goal of modeling load is to accurately characterize the load characteristics. is active power fitting degree; is reactive power fitting degree; is environmental impact; is model reliability.
environmental impact, and model reliability. Considering the importance of four criteria, active power fitting degree and reactive power fitting degree, which can describe the accuracy and rationality of the load model precisely, are more important than the other two criteria. With the change of season, climate, and living habit, the composition of power load will also change, which can reflect the randomness of power load. Model reliability is credibility of these two models. According to accuracy, scaling factor in the judgment matrix can be set. Criteria hierarchy judgment matrix is shown in Table 2 .
is a comparison between scheme and scheme ; symmetry element is a comparison between scheme and scheme ; diagonal element is a comparison between scheme and itself, and its value is equal to 1 apparently.
(3) Scheme Hierarchy. It includes two kinds of load models, respectively, considering the SLM and TPSLM. The SLM can accurately simulate distribution network and reactive power compensation system, while randomness of power system can be described by TPSLM.
Judgment Matrix of Each Criterion
(1) Active Power Fitting Degree. On the basis of measured data or test data, model parameters can be identified by measurement-based modeling approach. Calculate active power fitting degree based on obtained difference between measured values and calculated values of load model. Judgment matrix can be formed by standards of the "1-9 scale method." As the real-time data of the field acquisition or experiment is different, the calculated values and the measured values of the model will be changed, so that the composition and size of the actual load of the power system can be reflected in real time and accurately.
(2) Reactive Power Fitting Degree. Implementation steps are similar to that of active power fitting degree. Calculate the reactive power fitting degree based on difference between models measured values and calculated values of load model and form judgment matrix of reactive power fitting degree.
(3) Environmental Impact. The power load has characteristics that are uncertain and time-varying. With the change of season, climate and living habit, the composition of power load will also change. Electrified railway is widely used in modern railway transportation. That has increased the proportion of traction load in power system. Considering environment factors, the SLM cannot describe randomness of power load precisely, so the TPSLM accounts for a larger proportion.
(4) Model Reliability. The model reliability is not only a subjective judgment of identification results, but also an improvement of existing models. Judgment matrix of SLM and TPSLM in criteria hierarchy is formed by literature and experience. In [29] , sensitivity of traction load model under voltage disturbances is higher than that of constant impedance model, while it is lower than that of the induction motor model. So SLM accounts for a larger proportion considering model reliability factors. Judgment matrix of each criterion is shown in Table 3 . Judgment matrix of active power fitting degree and reactive power fitting degree will be calculated after identifying parameters of SLM and TPSLM. (1) to (4), a total of 15 independent parameters of the SLM need to be identified:
According to [30, 31] , the sensitivity of parameters 
To sum up, 8 parameters in SLM need to be identified:
From (5) to (6), it can be seen that 21 parameters in TPSLM need to be identified:
where tm , im are the proportion of the traction and induction motor initial active power, respectively. Equivalent load random fluctuation caused by natural factors uniform for mechanical traction motor load torque changes in [13, 14] .
is traction motor load torque, considering = 0.5, = 0.3, and = 0.2; = 0 ( 2 + + ) = 0 (0.5 2 + 0.3 + 0.2). Induction motor and reactive power compensation parameters reference the typical values in [30, 31] .
The objective function of measurement-based modeling approach is
in which , are the active power and reactive power of measurement; , are the calculated power of load model. is number of samples. When the difference between the calculated values of the load model and the measured values of the simulation is in a certain error range, parameters of the load model are identified.
In [32] , load model is evaluated by relative error in the following formula:
where is the number of samples; ( ),̂( ) are the measured power of simulation and calculated power of load models. If relative error is less than 5%, this load model is considered to be acceptable.
Calculated Weight Coefficients of Judgment Matrix.
There are four ways to calculate weight coefficients of judgment matrix which are geometric average method, arithmetic average method, feature vector method, and least square method. Feature vector method is the most common way to calculate weight coefficients, which has advantage of simple calculation process and high calculating speed. That uses judgment matrix normalized eigenvectors of maximum characteristic root as weight coefficients. Feature vector method is used to calculated weight coefficients of judgment matrix in this paper.
Feature vector method uses weight coefficients to revise multiply judgment matrix :
in which max is the maximum characteristic root; the positive as eigenvectors of maximum characteristic root is the only one; weight coefficients of analytic hierarchy process will be calculation after normalizing eigenvectors. The criteria hierarchy weight coefficient is 0 , 1 , 2 are weight coefficient of active power fitting and reactive power fitting degree, and 3 , 4 are weight coefficient of environmental impact and model reliability, respectively.
The final weight coefficients of load models are as follows:
To sum up, flow diagram of accurate load modeling based on AHP is shown in Figure 5 .
Simulation Example
To illustrate load modeling based on AHP that can effectively improve the accuracy of load model, a simulation based on Matlab/Simulink is carried out in this paper. Locomotive auxiliary load and carriage load, which is equal to threephase induction motor in parallel power function model, are connected to high voltage side of traction transformer. The faults are chosen as three-phase short circuit with the duration of 0.04 s. The simulation system is depicted in Figure 6 ; as for the system parameters, one can refer to [33] .
Load modeling data must be the responses of voltage, current, active power, and reactive power. Data of SLM, TPSLM, and DTSLM under the disturbance occurring outside the region can be measured from simulation system in Figure 6 , which are measured values of load characteristic. Model parameters and values of fitting curves of load models are calculated by parameter identification. According to parameter identification results, judgment matrixes and weight coefficients are calculated. The validity and effectiveness of the method can be illustrated by analyzing the test results.
Parameters identification of SLM results is shown in Table 4 . Power fitting curves of SLM are shown in Figures 7(a)  and 7(b) . Under the circumstance that model parameters identification result is reasonable, the average error of active power, reactive power, and total error is 6.9308 × 10 −5 , 9.9626 × 10 −5 , and 1.5893 × 10 −4 , respectively. Relative error is less than 5%. Within the error rang allowed, model fitting is relatively accurate.
Parameters identification results of TPSLM are shown in Table 5 . Power fitting curves of TPSLM are shown in Figures  8(a) and 8(b) .
Under the circumstance that model parameters identification result is reasonable, the average error of active power, According to the relationship between models, judgment matrix of criteria hierarchy can be calculated, which is shown in Table 6 . After load model parameters identification, judgment matrixes of each criterion can be calculated, which are shown in Tables 7, 8 The final weight coefficients of load models are as follows: 
where are weight coefficients of each model in accurate load modeling based on AHP. The final load model will be calculated by weighting SLM and TPSLM.
Power fitting curves of accurate load model based on AHP are shown in Figures 9(a) and 9(b) .
Comparison of average error is shown in Table 11 . From model identification parameters of Tables 4 and 5 , it indicates that the accurate load modeling based on AHP can decrease error obviously under reasonable model parameters and weight coefficients. From power fitting curves of load models in Figures 7, 8, and 9 , the accurate load modeling based on AHP can fit measured values and calculated values more precisely. Simulation results prove that 54.75% of SLM and 45.25% of TPSLM could accurately describe the characterization of load model at this moment.
Conclusion
The method of accurate load modeling based on AHP is proposed in this paper. On the basis of SLM, TPSLM, which considers the randomness of power load, is fused by AHP. This method can adjust the weight coefficients with the change of power load, so the randomness problem of power load can be solved. The effectiveness of the proposed method was examined through simulation. Parameter identification results by measurement-based modeling approach show that load modeling based on AHP can effectively improve the accuracy of load model.
